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I Introduction

In may 1948, the G.WY. Department of R.A.E. Farnborough stated a
requirement for a rocket motor with a total impulse of approximately
20,000 lb sec as a boost for the Seaslug weapon then under consideration.
Considerably influenced by information just becoming available oh the
American "Deacon", it was felt by G.W. Department that a similar solid
propellant motor would meet their requirements. Since R.P.D. Westcott,
at that time, had practically no facilities for solid propellant develop-
mnt, C.E.A.D'. vras asked to undertake the work.

First discussions indicated that a few slight modifications to the
performance and dimensions of the"Deacon"ould provide a boost which
would more nearly meet the requirement. These vere a reduction in burning
time and in overall length, the latter being more important.

The Deacon had a single externally inhibited star-centred cordite
charge which was housed in a light alloy tube. The overall dimensions
of the motor were 106.75 inches in length and 6.8 inches in diameter.
Although techniquesl had been developed for inhibiting the outer surfaces
of cordite charges, the largest size which had been coated previously was
4.3 inches in diameter by 38 inches in length. This charge had been
fired only in a steel tube, as an experimental 5-inch A.T.0. motor
(Projectile Development Establishment, Aberporth 2 ). There was therefore
little previous British experience with a cordite charge of this type of
the size required, nor of the difficulties likely to be encountered in
obtaining reliable functioning &th such a charge in a light alloy tube.

Fra the experience gained at the Projectile Development Establish-
ment, Aberporth, with plastic propellants in a 5-inch light alloy motor

3

it was to be expected that difficulties might arise if the hot gases from
the burning cordite charge gained access to the light alloy walls.

With plastic propellant it was fairly easy, in the absence of air
inclusions in the propellant, to ensure that no exposure of the light
alloy occurred during the burning of the charge, but in the case of a
cordite charge there must of necessity be an annular gap surrounding
the charge at all temperatures below some arbitrary maximum. Unless
special precautions were taken, therefore, a possibility of overheating
of the motor wall existed.

The only star-centre charge previously made and fired in this
country of dimensions cmparable with those now required was the plastic 2
propellant charge in the 8-inch stecl motor developed at P.D.E. Aberporth2 .
The limited number which vere produced functioned satisfactorily at normal
air temperatures and it -as, therefore, concluded that ballistically no
special difficulties should arise vith the large cordite charge novt
proposed.

2 General desijn considerations

2.1 Propellant charge

No precise equivalent of the propellant H. 9 used in the Deacon was
available in this country, so that the choice of propellant was largely
conditioned by ease of supply. The bailistic properties of propellant
SU/K were considered to be satisfactory and, therefore, this propellant
was chosen since its major undesirable feature, viz. its low Young's
modulus, vas of small consequence in a development such as this where
accelerations woere likely to be small.

UNCLAcSIED-4-
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In designing the charge, efforts were made to meet the ishes ofthe users for a shorter round. Since no significant improvement inspecific impulse or density of loading over the'!Deacon" could be anti-cipated, a shorter round meant a larger charge diameter. A charge was,therefore, designed with outside diameter 6.05 inches (sc cross-section,Fig. i). In the theoretical charge calculations4 it was found that thestar points had to be truncated appreciably to compensate for the erosionexperienced with such a long charge. By this means the theoreticalinitial peak was made small, and in practice it has been found that noinitial peak appears at charge temperatures below 120cF'.

2.2 Motor tube and components

With the specified charge and coating (thickness 0.075 inch) it wasconsidered that a tube of -- inches internal diameter was required togive sufficient clearance under the worst conditions for filling (viz.bent charges and tube). It was first proposed to manufacture this tubeby,an extrusion process. The material was DTD. 693 and the contractorconsidered that he could maintain the required tolerances. After thefirst batch of tubes had been extruded, however, it was discovered thatclose tolerances were not maintained after heat treatment. In order toout down the time involved in a fresh order, it was agreed to accept afew tubes extruded to a thickness sufficiently great to allow fullmachining on both external and internal surfaces. By this means it -aspossible to obtain the required tolerances on the bore and thickness.

This process was obviously uneconomical in both time and material,and innediate efforts were made to obtain an alternative. After consul-tation with tube manufacturers, it was agreed that the best solutionwould be to use a dxavr tube in a slightly lower grade alloy, DTD.4%which, it was anticipated, could be used in the drawn condition withoutay machining other than that required for the screw threads. This wastried, and proved to be satisfactory. The rear end of the tube carried
an internally threaded mild steel adaptor o extension into vhich themild steel venturi was screwed. The main purpose of the adaptor is toprovide a:"heat-break"* between venturi ajnd tube and also, in effeot,
to substitute for the light alloy a short piece of steel tube at a pointwhere there is some possibility of access of hot gases to the motor
wall.

Similarly the forvard end was teminated by means of a mild steelextension (or shell-ring) threaded internally and carrying a chargeretaining ring. The latter was intended to obturate the forward endof the propellant charge by compressing a neoprene washer against itso that complete closure of the annular gap could be effected. Similarobturation had been found necessary in the "Deacon" motor but the precisedetails of the methods used were not available when the present designwas being evolved. It was fully realized that rigid longitudinal clampingof the propellant could only be used in experimental firings because ofthe large differential coefficient of expansion between the propellant
and tube. Nevertheless, it was considered that the arrangement muldbe good enough to enable the principle cf charge/tube obturation to be
investigated.

Defined as a discontinuity in so far as conduction of heat is
concerned. In effect there are air gaps between the tube and adaptor
and also between adaptor and venturi.

SECRET- DISCREET
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2.3 Ignition

Ignition v,as originally effected by means of two standard 3-inch
cartons filled with SR.371C and connected in series.- This arrangement
was satisfactory at ambient temperatures, but resulted in ignition delay
at temperatures of -50F. The number of cartons was, therefore, increased
to three, although an even larger quantity of SR.371C may be required if
functioning at very lo"T temperatures is to be fully reliable.

3 Charge preparation and filling

From the initial stages of the development, it was realised by
C.E.A.D. that, in order to solve the problems likely to arise in charge
preparation, coating and filling, it vould be necessary to make use of
the experience gained frcm similar, though smnaller, charges at the
Projectile Development Establishment, Aberporth. Discussions were,
therefore, held with C. S. A.R. (S. B. R.) we re the staff remaining
after the disbanding of the Projectile Development Establishment
was concentrated. It was agreed that C.S.A.R. -vould give any necessary
advice, and would provide the facilities required during the coating and
other preparation of the charge, the filling operation, and the static
firings during development.

Since the heaviest charge in this cross-section which could be
extruded frcm existing 15-inch presses was about 70 lb weight, it was
considered most convenient to 'composite' 50 lb sections (i.e. half
lengths) to make up the full charge. Occasionally smaller pieces were
first 'composited' to produce the half lengths so that the resulting
charges contained more than one joint.
II

The"stress-relief"technique was selected as being the most suitable
one for inhibiting the burning of the outer cylindrical surface. Cellulose
acetate of wall thickness 0.075 inch was used for preliminary wrk, but it
was the intention to change over to ethyl cellulose should storage con-
siderations make this desirable.

As the largest machine available for the stress-relief process
could not accammodate charges longer than about 4 ft, the coating process
had to precede the compositing of the halves. This was considered to be
undesirable in some respects since it was known from previous work that
a reliable butt-joint in an inhibitive coating Yas difficult to achieve
under normal working conditions. The joint was, therefore, vrapped with
cellulose acetate tape (0.01 inch thick) using cement PDE.1O or acetone
as adhesive. This was done in the hope of being able to prevent ignition
of the propellant below any gaps vhich might be present in the Joint in
the restrictive coating.

Designs for a larger coating machine and expansion moulds were laid
down because of the advantages of applying one continuous coating to the
chorges.

The filling operation consisted initially of inserting the composite
charge into the tube and using an obturating neoprene washer at the forTrnzd
end. The igniters were placed in the conduit of the charge at the forward
end and were tied to a strip of mill-board lying across the end of the
charge to keep them in position.

-6-
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4 Static firing results

4.1 Charges with obturation at both ends

The first round (61.V-I), filled as described above, was fired
statically at air temperature and burst almost immediately. Most of
the propellant caught fire after the burst, but a few of the fragments
recovered shcwed that burning had taken place on surfaces of fracture,
which indicated that the charge had probably been disrupted in the rocket
tube because of the difference in pressure between the star perforation
and the outer obturated annulus. The pressure-time crrve is showa in
Fig.2 from vthioh it is clear that the pressure developed was more than
double the anticipated value. As the tube did not fail at the pressure
peak, it is possible that overheating also occurred and was a contributory
cause of failure3 .

4.2 Charges without obturation

In order to throw further light on the reasons for the failure a
second round was filled, but this time obtu ration was omitted and in
order to ensure rapid equalization of pressure between the star perfora-
tion and the outer annulus the two halves were not nomposited and instead
spacers ero inserted to facilitate the passage of gases betwmen the two
sections. On this occasion no attempt was made to record the pressure
or thrust because of the damage done to the equipment during the first
firing.

This round was also fired at air temperature, and appeared to
function correctly for about one second, as judged aurally, and then
stopped burning; after about a minute the charge re-ignited and hence
no propellant residue remained for examination. Tho motor tube was
found to have burst, but it vs mainly in two halves; both the head and
venturi end plates had blovr off and the threaded portions were funnelled
out. Although the fragments had every appearanoe of being the result ofa burst due to excessive pressure, the firing was normal, apparently,
except for the short time of burning. It could not be concluded vrith
certainty, in the absence of a pressure recording, vhether the failure
was due to overheating of the light alloy tube or to excessive pressure
which might have boon caused by the removal of the inhibiting coating
by gasu--ash.

Since it appeared desirable to obviate the effects both of differen-
tial pressure (unavoidable vrith obturation of both ends of the charge) and
of gas-wash over both the tube and inhibitive coating (unavoidable without
obturation), means of resolving these apparently conflicting requirements
had to be considered.

4.5 Rounds with liquid filling in annulus

The simplest method seemed to be to fill the annulus between the
charge and wall ;ith a relatively incompressible fluid such as water,
which would both transmit the pressure to the outside of the charge and
at the same time prevent gas-wash in the annular space.

A round (6W-5) Was, therefore, fitted up in this way and an attempt
was made to prevent the water from leaking by rather crudely sealing off
both ends of the charge with luting. As this was not completely' effective
the water w-as replaced by a 3% aqueous agar solution which was poured in
at 60°C (iL0°F) a set on cooling to a rather vea gel. This motor
functioned correctly v/hen fired statically and a satisfactory pressure/time
curve was obtained iich is shown in Fig.3. The light alloy tube remained
relatively cool and was found to be in perfect condition and capable of

-7-
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re-use. The inhibitive coating to which a good deal of the agar gel was

still adhering was also in remarkably good condition and was merely

charred slightly on the inside.,.

Two further motors (6w-4 and 6W-5) filled in the same Nvay-also

functioned satisfactorily and both pressure and thrust/time curves were

obtained (see Fig.4 -and 5).

4. 31 High and lowe temperature firings

in order to check the ballistics of the charge in firings at more

extreme temperatures -% aqueous agar solution at 60 C (140°F) was poured

into three rounds (at air temperature) YAich were then placed in a heating

chamber at 37.80C (100 0 F). The annulus surrounding the charge was left open

so that the displaced gel could escape until a uniform temperature had been

obained throughout. The charge retaining ring Was then soreYed home against

the neoprene washer and the annulus sealed cff. All the rounds (6W-6, 6W-7,

6W-8) functioned correctly When fired at 37. 80C (1 O0F) and satisfactory

pressure and thrust/time curves were obtained (see Fig. 6, 7* . and 8).

Two. further rounds (6-9, 6V-i0) Were cooled to i .7 0 C (35 0F) and at

that temperature were filled vtith hot agar solution. A further period was

allowaed in the cold chamber so that the agar: solution could cool, and

uniformity of temperature could be attained. The rounds functioned satis-

factorily on static firing. The curves are shown in Fig. 9 and 10.

4.4. - Charges fitted with end spacers

4.41 Light alloy tubes..

Although the annular filling appeared to be entirely successful,

it was considered desirable to investigate all possible alternatives in

order to avoid the coplications arising from the use Cf a liquid filling.

A charge Was, therefore, prepared in vdhich six spacing tabs approximately.

-inch long with their axes parallel with the axis of the charge were

cemented around the circumference of the charge on each end face in order

to ensure the passage of the gases to the outside of the charge at both

ends and so pemit the rapid pressurization of the annulus. It should be

noted that none of the spacing tabs projected into the annulus and there-

fore did not centralise the charge vwithin the tube.

A second charge was fitted With this type of spacer, but at the

venturi end only, the other end being sealed by the neoprene washer, already

referred to, which was screwed dovmn hard onto the end of the charge. Both

rounds (6-1, 6-I 2) were fired at air temperature and pressure recordings

were taken; both rounds burst. The first one survived for 0.52 second, and

the second one failed after 0.35 second. The records shovnin Fig.11 and 12

indicated that no abnomal pressure was developed; in fact the initial level

of pressure was somewhat belavT normal, probably owing to the greater free

volume available and the cooling effect of the motor walls on the propellant

gases. Although the appearance of the metal fragments fram both of the

above bursts suggested excessive pressure, it was clear frm the recording

that failure could only have been due to overheating of the light alloy.

This experiment established beyond doubt that at air temperature, provided

the annulus vas open at one or both ends, the outside of the charge could

be pressurized sufficiently rapidly to prevent any disruption of the charge

by the internal gas pressure such as occurred vien the two ends were

obturated.

* No explanation can be suggested for the peak Which appears on this

curve, but such phenomena are common vith solid propellant rocket motors.

-8-
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It had been proposed to complete this series of firings with oneround here the spacer was at the head end of the charge, and the otherend of the annulus vas sealed to prevent continuous gas flow. In view
of the results of the first two firings and the general shortage of
components, it was decided not to expend any further efforts on this
type of assembly, and the last firing was, therefore, cancelled.

4.42 Steel tubes

Repeat firings were next carried out in two steel tubes with loose
charges arranged in exactly the same way as in the two previous motors.The pressure/time curves are shom in Fig.13 and 14. Both rounds burnt
for over one second with a progressive rise in pressure until at 1800 to
1900 lb/sq in. the venturi was ejected from its retaining ring. Fragments
of the recovered propellant showed that gas-wash had completely strippedlarge areas of coating from the charges. The additional burning surface
thus exposed was responsible for the progressive pressure-rise observed.
It was suspected that i.gition may have occurred below the. butt joint in
the coating, since one or two fragments of propellant showed excessive
burning from the outer cylindrical surface along a line corresponding
Aith the butt joint. Hence it was clear that the gas flow over the
coating had been augmented by gases arising from the joint. However,
the seriousness of the latter phenomenon vit:s not fully appreciated for
some considerable time, vLen the firings were repeated with chargesinhibited by means of a continuous coating free from joints. Charges
of this type will function quite satisfactorily in steel tubes, particu-
larl.y if one end is obturated. These experiments ill be described more
fully in a subsequent report.

5 Discussion of results of the first stage of development

It may be useful at this point to summarize the min conclusions
of the wrk up to this stage in so far as they relate to charges of the
composition and dimensions given, since a decision had to be made at
that time as to how the design should proceed. The main points are as
follows:-

5.1 Charges with single-ended or no obturation

Light alloy tubes filled with charges having either single-ended
or no obturation were incapable of resisting the normal working pressurefor more than about 0.5 second ovdng to overheating as a result cf thegas flow necessary to pressurize the annulus beteen tle charge and thewall of the tube. The flow is continuous because of the cooling of the
gases in contact with the tube.

5.2 Charges with obturation at both ends

If the annulus were sealed off the charges burst, since they were
being treated as pressure vessels. The extra burning surface exposed
then caused a catastrophic rise of pressure which the tube would have
been incapable of withstanding even if it had remained cool; the tubecould not, however, ivmain cool since the protection afforded by the
charge disappeared the instant it broke up.

It should be noted here that a light alloy motor would function
quite satisfactorily if the charge could be made an exact fit in the
tube, since there would then be no annulus to pressurize and hence nogas flow would occur over the valls of the tube. Such a solution is,however, impracticable because of the much greater coefficient of thermal

-9-
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expansion of the propellant relative to that of the metal tube. For

example, if a charge were an exact fit at air temperature an annular
gap would appear at lower temperatures while plastic deformation would

occur at elevated temperatures. This would not be serious in itself,

but subsequent cooling of the motor 'would produce an annular gap which

would lead to failure vden the rocket vas fired.

5.-3 Mot ors with charges possessing thicker inhibiting ooatings

Satisfactory results could not be obtained,even in steel tubes
with charges coated by the equipment available at the time this work
was carried out. The possibility of usin g thicker inhibiting coatings

was considered, but this method would have meant considerable delay,
since a new die and fresh extrusions would have been required. Moreover,
an appreciably thicker coating could only have been aocammodated at the

expense of a reduction in the charge diameter with resulting degradation

of the performance of the rocket motor.

5.4 Motors with charges of larger Aianter

* The charge as originally ordered was 6.05 inches in diameter with
the intention of using a coating 0.1 inch thick in a tube of 08 inches

bore. It was thought that the mean clearance of approximately 0.125

inch, on diameter- was tle smallest that would alloa easy assembly of most

chazges. .1n practice, the first charges came out at less than 6 inches

outside diameter and the coating used vas only 0.075 inch thick, so that

the clearance was considerably greater than anticipated. This possibly

accentuated the troubles with charge cracking under internal pressure.

After discussions with R.N.P.F. Caer ent, it vas agreed to open out the

die and thus achieve a charge of greater overall diameter, up to about

6.10 iaohes. Later charges wore scmevthat bigger (note greater charge

weights in last firings reported), but no trials were carried out without

the fluid in the annulus to check any alteration in behaviour.

6 Further development of motors with li4uid filling in
annulus

Since none of the above four designs afforded a convenient solution

of the problem, it appeared that the only possibility left was a design in

which the annular gap between the charge and the vall was filled with a

liquid, Whereby instantaneous pressurization of the outside of the charge

was secured -ithout subjecting either the inhibiting coating or the light

alloy walls to high temperature gas-wash.

Because of the large coefficient of. the rmal expansion of the

propellant relative to that of the motor tube, as already explained,

it was clearly necessary to make provision for receiving the liquid
:V filling as it became displaced owring to rise in temperature and similarly

.'to provide a reservoir frcm v4iiah liquid could be draw in order to

maintain the annulus completely full as it became enlarged with fall in

ambient temperature. In the. present case, if a tenperature range of

-40 to +60cC' (.40: to +140 0F). is to be covered, then a reservoir capable

of.-aocamodating 4pproximate1y_ 3 litres of liquid is required.

The main desigil problem, therefore, wasto provide adequate seals

against the leakage of liquid to the exterior of the rocket motor and

also into the conduit where ignition of+ the burning surface might be

prevented or delayed. In addition a.,suitable housing for the reservoir

or expansion bag had to be provided.

-10-
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6.1 Annulus.filled with ethylene glycol

TWo rounds were, therefore, fitted with football bladders situated
in the fo2NIard end-space (see Fig.15). Initially these contained about
500 oc of ethylene glycol the bulk of which passed into the annulus When
the motor was cooled down to -5°F. The first round (6W-15) which was
fired at this temperature vith two 3-inch carton igniters gave an ignition
delay, so that no record vras obtained, but functioning v&s otherwise
correct. The -second round (69-1 6) in which a thi:rd 3-inch igniter was
inserted yielded a satisfactory pressure/time curve (see Fig.1 6).

The liquid selected for use as a filling for the annulus should,
of course, possess a sufficiently low freezing point and high boiling
point to enable the required temperature range to be covered. Furthermore
such a liquid should have little or no solvent effect on the inhibiting
coating and should not be capable of diffusing through the coating in
amounts sufficient to modify the ballistic properties or affect the
chemical stability of the propellant.

Of the available liquids ethylene glycol (melting point about
-17.80C (O0F)) diluted vith a little ethyl alcohol appeared to be con-
venient for preliminary Work and gave a satisfactory result vhen tested
for solvent-effeot on the coating material.

A further problem arose at this stage since during projection
firing there will be two forces tending to expel the liquid filling:-

(1) the differcntial pressure between the front and rear ends,

and (2) the set-back forces as the rocket is projected.

In the first static firings expulsion of the liquid filling was
prevented by clamping the charge longitudinally, but in later firings
the differential pressure tending to foroL the charge against the venturi-
plate was relied upon to effect the necessary sealing against liquid-loss,
and this method appeared to be effective. Smoke produced towards the end
of burning, however, indicated that just before 'all burnt' appreciable
quantities of liquid wore expelled. No failures in static firing tests
resulted from this cause, although recovered coatings were not in quite
such good condition as u&en longitudinal clanping wtas used. Two wnys of
reducing the loss of liquid during firings were tried. The first method
was to fit venturi-end Nashers of 6oft neoprene, or similar material,
which would ccmpress under load ahd thus form a liquid-proof seal. The
second method was to select a liquid of much higher viscosity which would
leak only slowily, even under conditions of bad sealing. Both methods
have been used successfully, althoughi a viscous liquid makes the filling
operation rather slow and difficult, The liquid polymers of isobutylene
(Vistac) have proved satisfactory, but necessitate filling at an elevated
temperature.

A 'regularity series' of five rounds (6W-18 to 6W-33), using an
ethylene glycol filling without reservoir, was 'fired statically at each
of the tEmperatures 0, 18 and 37.80C (32, 65 and IOO°F). In each case
the glycol was brought to the same temperature as the round before being
poured in and wras sealed in position by the neoprene washer pressed hard
against tiB end of the charge, as previously described. The thrast/time
curves for these firings are given in Fig.17 to 31. All the rounds
functioned correctly, except one of t-io (OVI-30 see Fig.29 and 6V-31),
which were inadvertently fired at 4.9cC (1200 F) instead of at 37.8 0 C
(I OOCF) and gave rather high initial-peak pressures causing the ejection
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of the venturi in the case of one round (Ov-31). This charge was
recovered and although broken by impact afer ejection, it was free
from any burning defects. The pressure at 'vhich ejection occurred
was of the same order as that obtained in the experiments vdth steel
tubes described above, which indicated that the venturi end-ring was
the weakest part of the assembly and incapable of withstanding morethan about 1800 lb/sq in.

One further round (6W-33) v,as fired satisfactorily at 37.8 0 C (100o)
and a total of four records was obtained at this temperature (see Fig.27,
28, 30 and 31).

The variation of thrust and time of burning of 'this motor with
temperature is shown in Fig. 32; mean thrust/time ourves are given in
Fig. 33.

Details cf the empty assembly are shovan in Fig. 34.

6.2 Secondary peaks

The American "Deacon" employs an anti-resonance rod, but so far
there has been no evidence of secondary peaks with the SU/K charge,
although firings at extremes of temperature with the latter have been
on a very anall scale.

.7 Conclusions

It has been shown that, although cordite is an excellent thermal
insulator, a star-centre charge of this propellant provides only partial
protection to the walls of a rocket motor during firing. This results
primarily from the large difference between the coefficients of thermal
expansion of cordite and metal, such that the desirable close fit of the
one within the other can be maintained only over a very narrvt tempera-
ture range. The -main conclusions to be drawn from experiments designed
to improve the effectiveness of the protection given by the charge to
the tube are as follaws:-

(I) Obturation of the charge at both ends in order to seal off
the annulus against the flow of hot gases is not satisfactory below a
certain temperature. This is because the differential pressure bursts
the charge, thermal insulation breaks doin, and the extra burning
=rface produces a rise in pressure.

(2) Gas-wash causes failure of the light alloy vwall if only one
end of the charge is obturated, or if the obturation is omitted. The
probability of failure is greater the lover the temperature of firing
and the snaller the charge diameter.

(3) Functioning is satisfactory over a wide temperature range
when the annulus is filled with a liquid (e.g. Vistac). A reservoir
for the liquid is also necessary.

(4) There is no evidence of any tendency for the charge to
break-up owing to differential pressure in any assembly tested except
that described under (1) above.

(5) When a liquid filling is used for the annulus the solid
inhibitor apparently serves little or no useful purpose. Experiments
in which the latter has been successfully omitted will be described in
a subsequent Technical Note. Meanwhile, homever, the solid inhibitor
should be regarded as an insurance against possible failure elsewhere.

-12-
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(6) In approximately six hundred projection firings of this

motor up to the present, the failure rate from all possible causes has
been of the order of 2%. However, it is considered that the reliability
of a light alloy rocket motor will, in general, be less than that of an
equivalent version using a steel tube.
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